The properties of calibration spheres made from electrical-grade copper, denoted Cu, and tungsten carbide with 6% cobalt binder, denoted WC, are examined theoretically. Effects of variations in material, medium, and equipment parameters are determined for spheres intended to calibrate 38-kHz echo sounders when a target strength of order -41.5 dB is required. The derived 30.4-mm-diam Cu sphere and selected 38.1-mm-diam WC ball bearing show different dependences on the varied parameters. Changes in the material and equipment parameters within wide ranges will not upset a precision calibration with expected q-0.1-dB accuracy. Adjustment of the calibration value of backscattering cross section with changing temperature is generally necessary for elastic spheres. This is the case for the present WC sphere, but not for the Cu sphere by virtue of its optimization with respect to temperature. Greater hardness is found to be insufficient for choosihg between the two; the particular application must be considered. Pragmatic criteria for sphere selection are discussed. With respe/ct to the elasticity, which with the density determines the scattering response for a given immersion medium, the elemental composition of commercial electrical-grade copper is important. The effect of trace element content should be negligible. •7-2ø The two commercial elec-
The present study deals with pragmatic considerations in the choice of material for fabrication into spheres designed for use in hydroacoustic calibrations. The object materials, copper and tungsten carbide, are convenient both for their immediate and potential applications and for their representation of acoustically dissimilar matehals according to Anson and Chivers' admittedly somewhat arbitrary classification. •ø Since both matehals have been used successfully for precision calibration, as has fused silica, TM which is also a group III material like copper, secondary aims of the study are to emphasize the futility of selecting matehals solely on the basis of their hardness and to discourage misuse of the rigid-sphere approximation in the calculation of scattering properties.
I. SPHERE SELECTION
Selection of a sphere for calibrating any given acoustic instrument generally involves selection of the material and determination or selectibn of the diameter. This is now discussed both for copper and for tungsten carbide. As a practical example, the derived spheres are to be suitable for calibrating the 38-kHz echo sounders commonly used in fish stock estimation. The calibrations are to be performed at short ranges, but in the farfield of the transducer. Furthermore, the target strength is to be roughly equal to that of a ping-pong ball; namely, about --41.5 dB. 
where co is the frequency. $, F, and H are normally explicit functions of co.
In the computation below, $ is the spectrum of a pulsed sinusoid, and H is the receiver response function of the Simrad EK-400/38 echo sounder. 4 F depends on the characteristics of both the sphere and the medium, in addition to the frequency. 28 For the chosen homogeneous elastic materials, the relevant properties of the sphere are the radius a, the density P l, the longitudinal sound speed c l, and the transverse sound speed c2. The medium properties are expressed through the density p and the sound speed c. The nominal values of these quantities are given in Table I .
Variation of these parameters is the basis of the comparison, for discovery of an instability or other severe dependence oftr would suggest that the sphere is unsuitable for use in precision calibration. In order to render the comparison as realistic as possible, the ranges of variation are chosen in accordance with the following principles.
Ideally, the material parameters would be varied over percentage ranges corresponding to the larger of the observed parameter ranges of the two materials. However, knowledge of the particular tungsten carbide in WC 38.1 is extremely limited, and generic tungsten carbides span too wide a range of densities and elasticities to be meaningful for the intended comparisons.
•9'3ø More is known about variations in copper, and the parameter ranges are therefore derived from the literature on high-purity polycrystalline coppers. 6 These are shown in Table II Since the echo sounder may have to be calibrated in an untuned condition and might be used with different pulse durations, these parameters are varied over the ranges shown in Table II could be measured, of course, and the target strength value adjusted, if necessary.
III. RESULTS AND DISCUSSION
Variations in the equipment parameters are seen from Fig. 3 to produce similar effects on the backscattering cross sections of both spheres. As in the case of the material parameters, the computed changes in target strength are small enough not to upset a precision calibration. The same conclusion applies to the diameter variations, whose effects, as noted above, are similar to those of frequency.
It is noted that the copper sphere is a stronger acoustic target than the physically larger tungsten carbide sphere. The nominal target strengths are --40.7 and --42.4 dB, respectively. This illustrates the greater flexibility afforded by group III materials like copper, compared to those of group II, such as tungsten carbide. In the case of the harder, group II materials, which might a priori be considered more desirable for calibration applications, the range of variation in backscattering cross section is smaller than that of materials in group III. The elasticity of these less hard materials may be exploited in a manner not possible with comparably sized specimens of harder materials.
IV. CONCLUSIONS
The effects of variations in material and equipment parameters are generally small for both the copper and tungsten carbide spheres. The greater hardness of the tungsten carbide sphere results in the target strength having an extremely weak dependence on the material parameters. However, this confers no particular advantage with respect to variations in the equipment parameters, for which the two spheres show comparable effects.
Temperature has a greater effect than the other considered parameters, especially in the case of the tungsten carbide sphere below 5 øC. Insofar as the temperature can be measured or otherwise determined in a calibration exercise, corrections to the nominal target strength may be computed in order to preserve the 0.1-dB precision.
Both copper and tungsten carbide are excellent materials for precision calibration spheres. Such considerations as cost, the need for a particular target strength, and acoustic robustness, among others, must dictate the choice between these in any particular application. It is evident that hardness is not the only, or even the most important, property to be considered in selecting a reference target for the calibration of acoustic systems.
